ABSTRACT Hot, Dust-Obscured Galaxies, or "Hot DOGs", are a rare, dusty, hyperluminous galaxy population discovered by the WISE mission. Predominantly at redshifts 2-3, they include the most luminous known galaxies in the universe. Their high luminosities likely come from accretion onto highly obscured super massive black holes (SMBHs). We have conducted a pilot survey to measure the SMBH masses of five z ∼ 2 Hot DOGs via broad Hα emission lines, using Keck/MOSFIRE and Gemini/FLAMINGOS-2. We detect broad Hα emission in all five Hot DOGs. We find substantial corresponding SMBH masses for these Hot DOGs (∼ 10 9 M ), and their derived Eddington ratios are close to unity. These z ∼ 2 Hot DOGs are the most luminous AGNs for their BH masses, suggesting they are accreting at the maximum rates for their BHs. A similar property is found for known z ∼ 6 quasars. Our results are consistent with scenarios in which Hot DOGs represent a transitional, high-accretion phase between obscured and unobscured quasars. Hot DOGs may mark a special evolutionary stage before the red quasar and optical quasar phases, and they may be present at other cosmic epochs.
INTRODUCTION
Gravitational accretion onto super massive black holes (SMBHs) is one of the major energy production sources in galaxies, powering active galactic nuclei (AGN). Its scale and intensity (generally described as the quasar luminosity normalized by the Eddington luminosity, linearly proportional to the mass of the black hole, i.e. the "Eddington ratio") is thought to be the most important parameter to govern AGN properties (e.g., Trump et al. 2011 , Shen & Ho 2014 . High Eddington ratios (as well as super Eddington accretion) have only been reported in a small fraction of unobscured quasars (e.g., Shen et al. 2008 Shen et al. , 2011 Jun & Im 2013) . The average Eddington ratio for all SDSS quasars is 0.26 ± 0.34 (Shen et al. 2011) . Systematically higher Eddington ratios, slightly above unity, have been reported for SMBHs in quasars at very high redshifts (z ∼ 6 and above; Fan et al. 2006 , Willott et al. 2010 , De Rosa et al. 2011 , while in the local universe, ultraluminous X-ray sources (ULXs) are believed to often be hosted by stellar mass compact objects accreting significantly above the Eddington limit. Notably, X-ray pulsations have been detected for three ULXs, implying the compact object in those systems are neutron stars (Bachetti et al. 2014 , Fürst et al. 2016 , Israel et al. 2017a , with an inferred peak isotropic luminosity of ∼ 1000 times the Eddington limit in at least one system (Israel et al. 2017b) . Despite its importance, the observed Eddington limited accretion in z = 6 − 7 quasars remains poorly understood. It may be the key to understanding the formation and co-evolution of the first generation of SMBHs and their host galaxies, and to explaining how a few to 10 billion solar mass SMBHs were able to build up their masses when the universe is only ∼ 1 Gyr old (e.g., Wu et al. 2015) .
Explanations for the coevolution of SMBHs and their hosts often focus on galaxy merging (e.g., Hopkins et al. 2006 , 2008 , Somerville et al. 2008 . In these scenarios, major mergers trigger a starburst at their coalescing center, feed SMBHs, whose growth and feedback will eventually sweep out gas and dust, terminating star-formation and leaving a visible quasar with fading luminosity. During these processes, highly obscured, highly luminous phases accompanied by highly accreting SMBHs are expected. These models predict an important phase where galaxies are highly obscured, yet exceedingly luminous.
High luminosity, infrared dominant galaxies were first discovered by Kleinmann & Low (1970) and Rieke & Low (1972) . Significant populations of such galaxies were found by the Infrared Astronomical Satellite (IRAS, Neugebauer et al. 1984 ) in the local universe, then ex-tended to the more distant universe (especially to the most rapid evolution epoch at z = 2 − 3) by later infrared space missions and ground-based submillimeter facilities. Milestones include the discovery of the submillimeter galaxies (SMGs, see Blain et al. 2002 and Casey et al. 2014 for a review) in 850 µm and 1 mm surveys, and the discovery of dust-obscured galaxies (DOGs, Dey et al. 2008) by Spitzer 24µm surveys (e.g., Rigby et al. 2004 , Donley et al. 2007 , Yan et al. 2007 , Farrah et al. 2008 , Lonsdale et al. 2009 ). Both populations are at z ∼ 2 , Dey et al. 2008 . In general, SMGs are thought to be at an earlier phase of the merger/AGN evolution when the starburst still dominates the luminosity, while in the DOG phase, a hidden AGN becomes increasingly influential, representing a transitional stage when the AGN contribution overtakes star formation and becomes the dominant energy source (Dey et al. 2008 , Bussmann et al. 2009 , Narayanan et al. 2010 ). More recently, surveys with the Herschel Space Telescope (Pilbratt et al. 2010) , as well as the South Pole Telescope (Carlstrom et al. 2011 ) and the Atacama Cosmology Telescope (Swetz et al. 2011 ) have extended the area surveyed at submillimeter wavelengths to hundreds of square degrees, highlighting dusty star forming galaxies to even higher redshifts (e.g., Riechers et al. 2013 , Dowell et al. 2014 , although a large fraction of the most luminous galaxies are lensed (e.g., Negrello et al. 2010 , Vieira et al. 2013 , Bussmann et al. 2015 . The WISE mission (Wright et al. 2010 ) enabled all-sky selection of dusty, infrared galaxies, and is more efficient in selecting red quasars than previous surveys (e.g. Glikman et al. 2007 ), either by WISE colors alone (e.g., Stern et al. 2012 ), or combined with other UV to near-IR surveys (e.g., Banerji et al. 2013 , Hainline et al. 2014 .
Benefiting from its all-sky coverage, WISE is able to identify the most extreme, dusty, highly obscured AGNs in the universe. One of the most successful examples is the discovery of the hyperluminous, hot, dust-obscured galaxies (Hot DOGs, Eisenhardt et al. 2012 ). These galaxies were selected by looking for objects strongly detected by WISE at 12 and/or 22 µm, but only faintly or not at all at 3.4 and 4.6 µm, i.e. "W1W2drop-out" galaxies . The selected galaxies lie between redshifts 1.5 and 4.6, their distribution peaking at z = 2−3 , Assef et al. 2015 . Their luminosities are high , Bridge et al. 2013 , Jones et al. 2014 , Assef et al. 2015 , Tsai et al. 2015 , Fan et al. 2016a , Farrah et al. 2017 ), mostly well above 10 13 L , and they do not show evidence of lensing (Wu et al. 2014 , Tsai et al. 2015 . The most luminous 10% even exceed 10 14 L , comparable to the most luminous quasars known (Assef et al. 2015) , and include the single most luminous galaxy or quasar on record so far, the Hot DOG WISE J2246-0526 at z = 4.593 (Tsai et al. 2015 , Diaz-Santos et al. 2016 . This discovery achieved one of the primary WISE science goals: finding the most luminous galaxies in the universe.
Having a consistent spectral energy distribution (SED) shape , Tsai et al. 2015 , which is characterized by an unusually high mid-IR to submm ratio, Hot DOGs are quite different from most other well-studied IR luminous populations: they contain greater proportions of hot dust, with a characteristic dust temperature of 60-100 K , Bridge et al. 2013 , Fan et al. 2016a ), significantly hotter than the typical 30-40 K observed in SMGs or DOGs (e.g., Melbourne et al. 2012 , Magnelli et al. 2012 . They are much brighter and rarer than DOGs (there are about 0.03 deg −2 vs. 300 deg −2 ). Although not required, for selection using WISE colors, they all satisfy the DOG selection criteria (Dey et al. 2008) but are much hotter; therefore we have dubbed them as 'Hot DOGs' .
Hot DOGs likely host very powerful AGNs, as indicated by their high dust temperatures and SEDs, and the AGN dominates their luminosities , Assef et al. 2015 , Tsai et al. 2015 , Fan et al. 2016a , Farrah et al. 2017 . These AGNs have very high extinction, typically A V ∼ 20 and up to A V ∼ 60 (Assef et al. 2015) , and are close to Compton-thick in the X-ray bands , Piconcelli et al. 2015 . They are likely experiencing very strong feedback: a significant number of such galaxies present extended Lyman-α blob (LABs) structures extended over 10's of kpc (Bridge et al. 2013) . A recent high spatial resolution [CII] observation with ALMA of the most luminous Hot DOG W2246-0526 reveals an extended, uniform, highly turbulent ISM, indicative of an isotropically expelling galaxy-scale event (Díaz-Santos et al. 2016) .
Their high luminosities, hot dust temperatures, and strong feedback suggest Hot DOGs may be in transition between the obscured and unobscured phases of luminous quasars, when the surrounding dust and gas are being heated and blown out, just before visible quasars emerge , Bridge et al. 2013 , Assef et al. 2015 , Díaz-Santos et al. 2016 , Fan et al. 2016b . Given the high luminosities for Hot DOGs, the inferred BH mass must be well above the local BH mass-host galaxy correlation if a typical AGN accretion rate is assumed, or, alternatively, the Eddington ratio must be very high, even above the Eddington limit (Assef et al. 2015 , Tsai et al. 2015 . Potentially both factors may be present. Therefore, a measurement of their BH masses is a key step to understand Hot DOGs.
Here we present a pilot survey to measure the BH mass of five Hot DOGs at z ∼ 2 using the line width of the broad Hα line redshifted into the near-IR. A description of the observations and data reduction is given in Section 2, and in Section 3 we fit the line width of the spectra. The estimated BH masses, luminosities, and Eddington ratios are presented in Section 4. In Section 5, we compare Hot DOGs to other galaxy populations at z ∼ 2, as well as to quasars at z ∼ 6. Conclusions are summarized in Section 6. Throughout this paper, we assume a ΛCDM cosmology with H 0 = 70 km s −1 Mpc −1 , Ω m = 0.3, and Ω Λ = 0.7 .
OBSERVATIONS AND DATA REDUCTION
We observed five Hot DOGs with secure redshifts and well sampled SEDs. All selected targets have redshifts z ∼ 2 so their Hα line is observable with near-IR spectroscopy. Except for requiring coordinates that made them accessible during the observing runs, no other selection criteria were applied when choosing these targets.
Their extinctions have been calculated from a model of their rest-frame UV-to-mid-IR SEDs that includes a starburst, evolved stars, and reddened AGN components (Assef et al. 2015) . The derived extinctions range from A V ∼ 8 to 25. Source information is listed in Table 1 .
Normally at such high extinction, broad line regions (BLRs) will be hard to see. But for some Hot DOGs, we see hints of BLR emission even in the rest-UV . One possible explanation is that AGNs in these Hot DOGs are so luminous compared to their host galaxies, BLR emission leaks through the torus, or perhaps due to reflection of BLR emission by dust. A detailed discussion of this leaking/scattering explanation for Hot DOGs is given in Assef et al. (2016) , in which a subsample of Hot DOGs has been found to have excess UV/optical emission (blue excess Hot DOGs, or "BHDs"), which can be best explained as unobscured light leaked from the AGN by reflection off dust. (McLean et al. 2010 (McLean et al. , 2012 at Keck Observatory. K-band spectra for three Hot DOGs and H-band spectra for two Hot DOGs were obtained during three runs in 2014 and 2015 (one target was observed in both bands). The MOSFIRE K-band filter is centered at 2.162 µm with a full-width at half-maximum (FWHM) of 0.483 µm. The H-band filter is centered at 1.637 µm with a FWHM of 0.341µm. The data were acquired using masks with a slit width of 0.7 , giving a velocity resolution of ∆v ∼ 80 km s −1 (R ∼ 3600). Each individual exposure time was 2−3 mins. The observation dates and total integration times are listed in Table 1 . The seeing during the observations was ∼0.5 for W2136-1631, and 1 -1.2 for the rest of the targets.
The data were reduced using the MOSFIRE data reduction pipeline (DRP), which performs flat fielding, sky subtraction and wavelength calibration, and outputs rectified two-dimensional (2D) spectra, from which onedimensional spectra were extracted. Telluric correction and flux calibration were performed using the spectra of A0 standard stars.
2.2. Gemini/FLAMINGOS-2 WISE J221648.05+072353.6 (hereafter W2216+0723) was observed using FLAMINGOS-2 (Eikenberry et al. 2012) at the Gemini-South Observatory on the night of UT 2014 November 7. It was observed simultaneously in the J and H bands using the JH grating with the 2 pixel-wide (0.36 ) longslit, providing a spectral resolving power of approximately R ∼ 1000. The target was observed for 1 hr in an ABBA sequence. Additional observations were obtained on the nights of UT 2014 June 2, UT 2014 July 13 and UT 2014 November 6 using the same configuration but under much poorer weather conditions, so we do not consider them any further in this analysis.
The data were reduced using standard IRAF 11 tools with the sky emission lines used for wavelength calibration. The star HIP106817 was used for telluric and flux calibration using the XTellCorr General routine of the Spextool package (Vacca, Cushing & Rayner 2003) .
LINE WIDTH FITTING
We detected broad Hα lines in all five Hot DOGs. We modeled the lines using the IDL routine MPFIT (Markwardt 2009). The aim of the fitting is to measure the line width of the Hα line originating from the BLR which is broadened by virial motion, in order to estimate the black hole mass (see section 4.1). There are two major concerns that can affect the fitting result significantly: one is the blending with emission lines from the narrow line regions (NLRs), the other is any contribution from outflows. We discuss them separately next. Greene & Ho (2005) , in order to decompose the possible blending between the Hα and [NII] doublets at relatively low SNR. We fit the rest-frame 6000-7000Å spectra including a power-law continuum and Gaussian lines, where all the components are limited to have non-negative fluxes and reported line widths are corrected for instrumental resolution. The modeled spectra are plotted in Figure 1 . We iterated the fit once to include just the inner 98.76% of the data sorted in absolute value of the residual (2.5σ Gaussian rejection), and minimized χ 2 ν over the 6000-7000Å range. In this Section, we focus on the question of whether the broad line and/or narrow line components are necessary to fit the near-IR spectra. We explored three strategies to select the best parametrization to fit the spectra. In strategy 1, we only fit one broad Gaussian (FWHM >1000 km s −1 ) for Hα, assuming the narrow Hα and [NII] are negligible compared to the broad Hα ("1B alone" strategy hereafter).
In strategy 2, we fit a single narrow Gaussian (FWHM <1000 km s −1 ) in addition to a single broad Gaussian to Hα ("1B+1N" hereafter). We kept all narrow line widths the same and allowed the broad component's center to range within ±1000 km s −1 from the narrow Hα redshift (e.g., Bonning et al. 2007 , Shen et al. 2011 , determined from the peak of the narrow line model fit.
In strategy 3, we allow two broad Gaussians and one narrow Gaussian to fit Hα ("2B+1N" hereafter), with the reported FWHM of Hα derived by the combination of the two broad Gaussians. The second broad component is assumed to have the same redshift as the narrow lines. Combining multiple Gaussians to obtain the broad FWHM has been used in many other works (e.g., Greene & Ho 2005 , Assef et al. 2011 , Jun et al. 2017 ). We present the fitted spectra in Figure 1 . The fitting parameters including FWHM, the errors from MPFIT, χ 2 ν (χ 2 ν calculated only covering Hα wavelengths: 6450-6650Å), and the degrees of freedom (DOF) of the best fit model for each strategy are listed in Table 2 .
To determine which strategy works best, we applied an F-test to each spectrum over rest-frame 6450-6650Å. The results are listed in Table 3 . The values in Table 3 show the probability p that the χ 2 ν of the fit with the larger number of components was consistent with being drawn from the same distribution as the fit with the smaller number of components. Generally, when p < 0.05, we can assume that an extra component is necessary in the fitting. Note that when p = 0, it means that the number is so small that it is below the numerical precision of the integrator we used.
Based on Table 2 and Table 3 , the option 1 "1B alone" strategy is ruled out by the F-test analysis, for all five targets, implying the narrow line component is not negligible. [A "1 narrow line alone" (1N alone) case vs. "1B + 1N" is also rejected by the F-test]. Both broad line and narrow line components are necessary to represent the spectra.
As seen in Figure 1 , W0338+1941 and W0904+3947 have poorer signal to noise ratios (SNRs) than the other three targets. According to the F-test, the 2B+1N model is strongly preferred in two of the three high SNR targets. Since all Hot DOGs are arguably physically similar, we assumed that a consistent model should apply to all targets. In this paper we use the 2B+1N model to fit all sources. For the one high SNR Hot DOG (W2216+0723) where the 2B+1N model is not preferred over the 1B+1N model by the F-Test, the resulting FWHMs and implied BH masses for the two models are consistent (see Table  2 ).
We adopt the FWHM and χ 2 ν from the 2B+1N model in MPFIT as best-fit values for each target, then we estimate the error of this best-fit FWHM using a Monte Carlo approach similar to that of Assef et al. (2011) . For a given spectrum, we first scale the uncertainty of each pixel such that the χ 2 ν of the best fit model is equal to 1. We then create 1,000 simulated spectra with the same pixel size as the observed spectrum. The value of each pixel in the simulated spectra is randomly drawn from a Gaussian distribution centered at the flux of the best-fit model in that pixel, with a dispersion equal to its scaled uncertainty. We then fit each of the simulated spectra in the same way as described above. The 68.3% confidence interval of the FWHM is obtained from the distribution of the best-fit FWHM to the simulated spectra. Specifically, the range contains 68.3% of the FWHM values below and above the median of the distribution. This uncertainty is listed in Table 4 as the asymmetric 1 σ error of the FWHM.
Can outflows explain the broad Hα line?
Massive outflows have been discovered in some highredshift, dust-obscured quasars, revealed by the high velocity dispersion of forbidden lines (e.g., Liu et al. 2013a Liu et al. , 2013b Zakamska et al. 2016) , sometimes accompanied by blue-shifted wings. These features have been explained as a manifestation of strong AGN feedback (e.g., Spoon & Holt 2009; Mullaney et al. 2013; Brusa et al. 2015) . In this section, we test if the broad Hα lines detected in these Hot DOGs can be explained by outflow combined with emission from NLRs.
We obtained H-band spectroscopy for W1136+4236, and detected broad [OIII]λ4959,5007 lines. We also obtained J-band spectroscopy for W2216+0723, with broad [OII]λ3726,3729 lines detected. The spectra are presented in Figure 2 The broad Hα we observe in these Hot DOGs can either be caused by virial motion in BLRs right around the massive blackholes, or from more extended NLRs combined with outflows. We made the following tests to see which scenario is preferred by the data. In test 1, we fit a single Gaussian line profile to both the oxygen and Hα lines, fixing the linewidth to be the same as [OIII] In the discussion above, we assume the outflow occurs in the NLRs. This is a plausible scenario to test if outflow from NLRs can cause the observed Hα line. Although we cannot fully exclude the possibility that outflows contribute to the observed broad Hα, our analysis shows the 1B+1N and 2B+1N models, where the Hα lines are broadened by the virial motion from BLRs, provide a better fit to our data than the two test models, where the Hα profiles are broadened by NLR outflows.
Even if strong NLR outflows dominate the observed FWHM, preventing us from constraining the BH mass and Eddington ratios in some Hot DOGs, this is still consistent with the picture that Hot DOGs mark a transitional stage in AGN evolution. The detection of very broad [OII] and [OIII] lines is intriguing, as the intense outflows this suggests also imply high accretion rates (e.g. Zakamska et al. 2016) . Both are expected for the "blow-out" phase between the obscured and unobscured quasar stages. While we do not consider BLR outflows in this discussion, we note that strong BLR outflows would likely imply that the virialized BLR component is narrower, which would translate into lower BH masses and, hence, higher, true Eddington ratios.
BLACK HOLE MASSES, LUMINOSITIES, AND EDDINGTON RATIOS
4.1. Black hole masses Black hole mass can be estimated by assuming virial equilibrium in the broad line region: M BH ∝ v 2 R BLR /G, where R BLR is the radius of the BLR, and G is the gravitational constant. The BLR radius can be measured through the reverberation mapping (RM) technique (e.g., Blandford & McKee 1982 , Peterson 1993 , which estimates the radius of the BLR from the lag between the variability in the AGN continuum and the corresponding variability in the broad permitted lines. This method has been successful in measuring black hole masses in the local universe (e.g., Peterson et al. 2004 ). For higher redshift galaxies, BH mass measurements rely on an empirical relation found between the BLR size and the AGN luminosity (the R − L relation) discovered and calibrated by RM studies (i.e. R BLR ∝ L 0.5 5100 , where L 5100 = λL λ at λ = 5100Å, Kaspi et al. 2000 , Bentz et al. 2006 , 2009 , which are called as "single-epoch" black hole mass measurements. Thus, by measuring rest-frame optical broad line width and adjacent continuum luminosity, one can estimate the single-epoch BH mass.
Typically used broad lines to calculate high-redshift AGN BH mass include Hα, Hβ, Mg II, and C IV, with Hα and Hβ generally regarded as more reliable. The Hβ line has primarily been used to calibrate the R − L relation based on RM measurements, and the Hα emission linewidths and luminosities correlate well with those of Hβ over a wide range of total AGN luminosities (e.g., Greene & Ho 2005; Jun et al. 2015) , supporting the use of Hα whenever available. Since Hα emission is several times stronger than Hβ (Shen & Liu 2012; Jun et al. 2015) , and is less blended with broad Fe II emission than Hβ, it is especially preferred for spectroscopy of fainter AGNs. At z 1, Balmer emission is redshifted out of the optical window, so rest-frame UV emission (Mg II, C IV) has been used to measure BH masses. However, concerns about the scatter of the C IV-derived BH masses compared to those derived from Balmer lines (e.g., Assef et al. 2011; Shen & Liu 2012) , as well as strong Fe II blending near Mg II, favor using Hα if possible. Moreover, for heavily obscured AGNs like Hot DOGs, UV broad lines are hard to detect. The stronger line and redder wavelength of Hα make it a better choice than other lines to probe BLRs in Hot DOGs.
Following Assef et al. (2011) , we calculate the BH mass based on the FWHM of broad line Hα:
where f is a scale factor of order unity that depends on the structure, kinematics, and inclination of the BLR (e.g., Collin et al. 2006 ). Here we adopt the best-fit fixed f factor of 1.17 following the arguments in Assef et al. (2011) . Due to the very high UV/optical extinction of Hot DOGs, we can't use direct measurements of L 5100 . Instead, we adopt the rest-frame UV-to-mid-IR SED models for Hot DOGs reported in Assef et al. (2015) , which are constrained by WISE and follow-up optical and near-IR photometry, fitting the contributions of a starburst, evolved stars, and reddened AGN components, and derive the obscuration-corrected AGN luminosity. The derived extinctions (A V ) from this model and the resulting BH masses for the five Hot DOGs with broad Hα line measurements are presented in Table 4 . Due to the low SNR for the two Hβ lines detected in W1136+4236 and W2216+0723, we can't decompose the broad and narrow components for Hβ, complicating the use of the Balmer decrement to estimate extinction. In addition, the possibility that the broad lines are observed due to scattering ) makes the Balmer decrement method potentially problematic. If we assume the same broad to narrow component ratio for Hα and Hβ, the broad line region extinction for the two sources predicts a much lower AGN luminosity than what we estimated from the observed SED, implying the Balmer decrement method is not a reliable way to estimate the extinction for our sample.
Uncertainties of BH masses
We estimate the measurement uncertainties in our BH mass calculations by propagating the errors in the FWHM and in the continuum luminosities. The uncertainty in FWHM varies from 8% to 66% due to differing data quality. We assume a consistent 50% uncertainty in calculating L 5100 from the SED model (Assef et al. 2015) . We assume a 20% uncertainty on the bolometric luminosities (Tsai et al. 2015) . The resulting measurement uncertainties are presented in Table 4 and is folded into the error bars in all the Figures.
Some authors (e.g., Jun et al. 2015 ) also consider measurement errors from the f factor (43% following Collin et al. 2006 ) and the R − L relation (7%, Bentz et al. 2013) . This leads to an additional 0.16 dex uncertainty for BH masses and 0.18 dex uncertainty for Eddington ratios. There are also systematic errors for the constants, which is about 0.3-0.4 dex for f factor (Kormendy & Ho 2013; McConnell et al. 2013 ) and 0.11 dex for the R − L relation (Peterson et al. 2010) .
The uncertainties discussed above do not include the uncertainty introduced by the possible contribution of outflows to the FWHM of Hα. As described in Section 3.3, including an outflow component based on the observed [OIII] and [OII] lines for W1136+4236 and W2216+0723, respectively, in modeling their broad Hα line profiles leads to a poorer χ 2 ν . To quantitatively estimate the contribution of outflows to FWHM values will require higher signal-to-noise spectra, but is not expected to significantly affect the results presented here.
Bolometric luminosities
Using extensive follow-up photometry (Griffith et al. 2012 , Jones et al. 2014 , Assef et al. 2015 , Tsai et al. 2015 , we constructed complete SEDs for the Hot DOGs and calculated their bolometric luminosities. The method we used is described in detail in Tsai et al. (2015) . In brief, we simply integrated over the detected photometric data points from the optical to far-IR bands, using power-law interpolations between measurements and extrapolated to 20% beyond the shortest and longest wavelengths. This method is more secure than bolometric luminosities simply scaled up from one or a few wavelength measurements using templates, but it is conservative since it may miss flux between data points and beyond the longest/shortest wavelength data. If the best-fit SED templates or spline-smoothed SEDs are considered, the luminosities typically increase by 20% (Tsai et al. 2015) .
We list the derived bolometric luminosities of the five Hot DOGs in Table 4 . The photometry of the Hot DOGs (including the five reported in this paper) observed from Spitzer (Griffith et al. 2012) , WISE and Herschel, and more details on the method used to calculate their bolometric luminosities (in which we consider that BH accretion is dominating the luminosity) is reported in Tsai et al. (in prep) .
Eddington ratios
The Eddington luminosity is defined as
and the Eddington ratio is η = L AGN /L Edd . For Hot DOGs, we can attribute most of the bolometric luminosity to the AGN Jones et al. 2014; Díaz-Santos et al. 2016 , Farrah et al. 2017 . Hence we calculated Eddington ratios as L bol /L Edd for the five Hot DOGs (see Table 4 ). We found that η from high SNR targets are greater than 0.5 and close to unity. Considering that L bol is calculated conservatively, we conclude that the derived Eddington ratios are close to or above the Eddington limit for these Hot DOGs.
DISCUSSION
Based on their SEDs and far-IR to mid-IR luminosity ratios, Wu et al. (2012) speculated that Hot DOGs may represent a transitional phase following the SMG and DOG phase and preceding the regular quasar phase. Progression along such a sequence is consistent with galaxy evolution scenarios based on major mergers (e.g., Hopkins et al. 2008 ) and is likely driven by the growth of the central SMBH.
The primary objective of this study is to measure the BH masses of Hot DOGs, and to test if such an evolutionary sequence is reasonable by comparing their BH masses to those of other populations. The project is also intended to find out if the high luminosities of Hot DOGs result from hosting black holes with masses well above the local BH-host galaxy relation, and/or if their SMBHs are accreting at or even above the Eddington limit. To explore these topics, we compare Hot DOGs to other galaxy populations with measurements of BH masses and Eddington ratios. The discussion is organized as follows: We summarize z ∼ 2 comparison samples and compare them to Hot DOGS in Section 5.1. We discuss possible biases in our results due to our small sample and line fitting approach in Section 5.2. In Section 5.3, we discuss why Hot DOGs are so luminous among quasars, and in Section 5.4 we describe a possible accretion history of z ∼ 2 quasars. In Sction 5.5, we compare Hot DOGs to z ∼ 6 quasars, and propose that Hot DOGs may exist at other redshifts in Section 5.6.
Comparison samples at z ∼ 2
Comparison populations that may relate to Hot DOGs include normal quasars, SMGs, DOGs, and red quasars. Caution should be used when comparing luminosities of obscured and un-obscured populations though, since due to obscuration, some energy output could be missed by scattering to other directions or be reprocessed to unobserved wavelengths. The extinction correction has to be considered when calculating AGN luminosities used to estimate BH masses and Eddington ratios. For Hot DOGs, we argue that the UV photons have been efficiently converted into mid-IR emission with almost no loss (e.g., Tsai et al. 2015) , and we have collected optical to submilimeter SEDs, so that the integrated luminosity should give a good estimate of the bolometric luminosity, and can be compared to total luminosities of other populations.
For normal, unobscured quasars, we use the sample of Shen et al. (2011) , who collected redshifts and estimated BH masses for more than 100,000 SDSS quasars from the SDSS DR7 spectroscopic quasar catalog (Abazajian et al. 2009 , Schneider et al. 2010 . Shen et al. (2011) calculated AGN luminosities by scaling up Type-1 AGN templates using UV continuum measurements, which is reasonable as SDSS quasars generally have low extinction. Their sample covers quasars with redshifts z ∼ 0 − 5, and includes measured FWHMs of multiple lines (Hα, Hβ, Mg II, and C IV) when they are redshifted into the SDSS spectroscopic range. We are most interested in quasars around z ∼ 2 that can be directly compared to Hot DOGs in this paper. For SDSS quasars, we prefer to use BH masses derived from Mg II rather than from C IV over this redshift range, since Mg II is the less complicated line to use as a tool for measuring BH masses (e.g., Shen et al. 2008 , Assef et al. 2011 , Jun et al. 2015 .
The BH mass estimate for SMGs is complicated, partly due to the large uncertainty in determining the AGN luminosity in SMGs. Unlike Hot DOGs, the luminosities of SMGs are generally dominated by starbursts rather than AGNs, though some SMGs are actually 850µm-selected dusty quasars with large extinction. In this paper, we simply adopt average values for general SMGs (whose luminosities are still dominated by starbursts) from Alexander et al. (2008) of log (M BH /M ) ∼ 8.0 and η ∼ 0.2. Melbourne et al. (2011) report the BH masses of four power-law DOGs based on broad Hα measurements. Two of these (DOG 1 and DOG 4) have reliable bolometric (8-1000 µm) luminosities from SED integration including Herschel data (Melbourne et al. 2012) . Since the AGN contribution is believed to dominate the SED of power-law DOGs, we approximate their AGN luminosities using their bolometric luminosities to calculate Eddington ratios, as we did for Hot DOGs. Melbourne et al. (2011) note that their derived BH masses are lower limits due to the uncertainty in dust correction. In addition, AGNs in DOGs are less dominant than those in Hot DOGs, and the starburst contribution to the luminosity may not be negligible. Therefore, the derived Eddington ratios for these DOGs are upper limits.
There is growing interest in the study of red quasars, which are thought to be a linking population between obscured and unobscured quasars (e.g., Glikman et al. 2012; Ross et al. 2015) . Initially, red quasars were selected using optical/near-IR colors (e.g., Richards et al. 2003) , and some cross-matching to radio surveys (e.g., Glikman et al. 2007 Glikman et al. , 2015 . With the large area, deep mid-IR imaging surveys available from Spitzer and WISE, additional mid-IR color cuts have been found to (Melbourne et al. 2011) , and quasars (Shen et al. 2011 , Banerji et al. 2012 . Note that the Eddington ratios of Hot DOGs are likely 20% (0.08 dex) higher in general due to our conservative method in calculating bolometric luminosities. The uncertainties of Hot DOGs shown in the figure only consider the measurement errors from the FWHM and the AGN luminosity. An additional error of 0.16 dex on BH mass and 0.18 dex on Eddington ratio should be added if the systematic errors from the f factor and the R − L relations are considered.
be very efficient in selecting red quasars (e.g., Banerji et al. 2013 , Ross et al. 2015 , Hamann et al. 2017 . These red quasars normally have moderate extinctions (E(B − V ) < 1.5). We adopt the luminosities and Eddington ratios from the red quasar sample of Banerji et al. (2012 Banerji et al. ( , 2015 , the largest red quasar sample (A V ∼ 2 − 6) at z ∼ 2 that has BH masses measured using broad Balmer lines. Like Shen et al. (2011) , Banerji et al. scaled Type-1 AGN templates using UV continuum measurements to derive bolometric luminosity, but they have corrected the 5100Å luminosity using the obscuration derived from SED fitting.
In Figure 3 , we compare the BH masses and Eddington ratios of Hot DOGs to two DOGs, quasars with moderate obscuration, and Type-1 quasars. A median value is given for each category of quasar. We also mark the likely ranges of BH masses and Eddington ratios for general SMGs reported in Alexander et al. (2008) . The Hot DOGs and comparison samples in Figure 3 have redshifts z ∼ 2, and BH mass measurements obtained from broad Balmer lines, except for the Type-1 SDSS quasars from Shen et al. (2011) . Figure 3 shows that the Hot DOGs reported here have higher BH masses than general SMGs or DOGs, based on the limited information available, and are comparable to quasars. The Hot DOGs show systematically higher Eddington ratios than other populations at z ∼ 2, with values close to unity. Our pilot project supports the idea that Hot DOGs are a transitional, high accreting phase between obscured and unobscured quasars. Our pilot project to calculate BH masses and Eddington ratios is based on five Hot DOGs. We did not impose any selection criteria apart from redshift, but the small Figure 1 of Tsai et al. (2015) .
sample size raises the question of how well they represent the BH masses and Eddington ratios for the whole Hot DOG population.
In Figure 4 we compare the distribution of redshifts and luminosities of the five Hot DOGs in this paper to all Hot DOGs with redshifts and Herschel measurements. Their luminosities are near or somewhat below the median values of Hot DOGs at similar redshifts, and are lower than most Hot DOGs. Hence the Eddington ratios of these five Hot DOGs may be somewhat lower than for typical Hot DOGs with similar BH masses, and it is unlikely there is a selection bias for a high-Eddington ratio subsample because of higher luminosity.
Compared with the obscuration values reported in Assef et al. (2015), two of the five targets are close to the lower limit of extinction values, two are close to the median value, and one is close to the upper limit. Overall, there is no obvious bias in extinction.
Although we did not select targets to have broad UV lines, two (W0904+3947 and W1136+4236) out of the five targets do show broad rest-UV spectra features, which may suggest the direct detection of the BLR in the rest-UV. This 40% ratio is somewhat higher than the 12%-16% fraction of Hot DOGs in general with broad rest-UV lines (Eisenhardt et al. in prep) . The relationship between the detection of BLR in rest-optical and rest-UV bands is not clear, but if we assume a higher chance of detecting broad Hα for sources with broad rest-UV lines, our pilot sample may be biased against Hot DOGs with narrower or less obvious broad UV-lines. But for a fixed AGN continuum, this means a bias against smaller FWHMs, lower BH masses, and higher Eddington ratios.
In summary, the possible selection effect of the five Hot DOGs in this paper, including luminosities, obscurations, and existing rest-UV spectra, either have little influence, or suggest even higher Eddington ratios for typical Hot DOGs. These considerations are unlikely to change our conclusion that Hot DOGs represent a high-Eddington ratio population.
Influence of different line fitting approaches
The SNR of our five spectra vary significantly. Our line fitting strategy of using a consistent multi-Gaussian fit takes advantage of the high SNR spectra, and our approach of using spectral information as a prior in MonteCarlo simulation with an F-test investigation gives a robust and sensitive way to deal with the low SNR spectra and variations between models for some targets. However, some authors prefer to use a simpler approach for lower SNR spectra, namely selecting the simplest Gaussian model with a small enough χ 2 . How would our results change if we were to take this simpler approach?
From Table 2 and Figure 1 , the simplest Gaussian model with a reasonable χ 2 would select the 1B model for all targets except for W2136-1631, for which the 1B+1N model is required. If these models are selected, two targets (W0338+1941, W2136-1631) have larger BH masses and lower Eddington ratios, and the other three targets have lower BH masses and higher Eddington ratios. The range of Eddington ratios hanges from 0.25 -1.46 to 0.45 -1.31, with the median value changing from 0.74 to 0.88. The overall effect is to move the derived Eddington ratios of Hot DOGs towards unity. Again, this does not change our major conclusion that Hot DOGs are a highEddington ratio population.
5.3. Why are Hot DOGs so luminous: comparing to SDSS quasars In the previous section, we showed that Hot DOGs tend to have higher Eddington ratios than other IR luminous (active) galaxy populations at z ∼ 2. Here we argue that an unusually high accretion rate is characteristic of Hot DOGs, and is not a selection effect. In Figure  5 , we compare the black hole masses and bolometric luminosities for Hot DOGs to SDSS quasars at all redshifts (z = 0 − 5) from Shen et al. (2011) , which is the largest and least biased quasar sample with BH masses in the literature. We also include a lower redshift (z = 1.009) Hot DOG (WISE J1036+0449) newly reported in Ricci et al. (2017) .
Hot DOGs roughly trace the upper luminosity boundary of the SDSS quasar distribution in Figure 5 . In other words, they are near the maximum bolometric luminosities seen in quasars with similar BH masses. Such high luminosities must come from very efficient BH accretion. The corresponding Eddington ratios are close to and may even exceed unity (see Figure 3 and Figure 5 ). However, the Hot DOGs (especially those with high SNR spectra) are well away from the high mass boundary of the SDSS quasar distribution, arguing against the idea that the high Eddington ratios of Hot DOGs are purely a luminosity selection effect.
To highlight this further, and reduce possible evolutionary effects, in Figure 6 we zoom in to z = 1.65 − 1.7, where two of the three Hot DOGs with high SNR spectra fall. The SDSS quasars at these redshifts display a broad distribution of BH masses extending to both sides of the BH masses for the two Hot DOGs, indicating these Hot DOGs have BH masses typical of normal quasars, but luminosities at the top of the range spanned by SDSS quasars. Figures 4 and 5 imply that Hot DOGs have achieved the highest accretion rates that quasars with similar black hole masses can reach.
In fact, Hot DOGs appear to comprise a significant fraction of the most luminous quasars (Assef et al. 2015) and include the single most luminous galaxy or quasar known (Tsai et al. 2015 , Díaz-Santos et al. 2016), suggesting that dust obscuration is an important aspect of maximally accreting SMBHs. However, Hot DOGs are not the only populations to reach the highest accretion rates for their BH masses. Some optically selected SDSS quasars have comparably high luminosities and Eddington ratios, as do some very high redshift (z ∼ 6) quasars, as we discuss in Section 5.5.
5.4.
A quasar accretion history at z ∼ 2 Hot DOGs likely signpost a phase of the highest accretion rate at z ∼ 2, connecting obscured and unobscured quasars. This scenario is consistent with the expectation of a popular galaxy model in which AGN feedback sweeps out the surrounding material that is also the fuel for BH accretion (e.g., Hopkins et al. 2008 , Somerville et al. 2008 . We should expect to see less obscured quasars associated with larger SMBHs, and with falling accretion rates and fading quasar luminosities. A similar evolutionary connection was also proposed in Assef et al. (2015) , based on the luminosity function of Hot DOGs and quasars, that Hot DOGs can be the progenitors of more massive type-1 quasars, in the case that they are experiencing enhanced BH accretion.
We can test these predictions using our comparison samples. Although we do not know how long each evolutionary stage lasts during this evolution, we can take a snapshot of the z ∼ 2 universe to statistically explore the black hole properties for each comparison population introduced in section 5.1. We consider the redshift range 1.5 < z < 2.5, which includes the Hot DOGs in this paper. The peak epoch of quasar density and major merger activities is z ∼ 2, and observational data at these redshifts is relatively rich. We focus on BH masses derived from Balmer lines if possible, which are observable from ground-based near-IR spectroscopy at these redshifts. For the SDSS quasars that only have optical spectra, we choose BH masses measured from Mg II instead of C IV, as discussed in Section 5.1. This sets a upper limit of z = 2.25 for Mg II to be in the SDSS DR7 spectra. Therefore we have a slightly smaller redshift range of 1.5 < z < 2.25 for the SDSS quasar sample, which includes 27761 quasars.
The BH masses and Eddington ratios of Hot DOGs and other comparison samples are plotted in Figure 7 . Hot DOGs have among the highest Eddington ratios of all quasars with similar black hole masses, much greater than SMGs or DOGs. Red quasars in Banerji et al. (2012 Banerji et al. ( , 2015 have overlapping but generally lower Eddington ratios than Hot DOGs, but higher Eddington ratios than SDSS quasars, given similar BH masses. The overall average Eddington ratio is 0.37±0.44 for these z ∼ 2 red quasars, less than Hot DOGs which are close to the Eddington limit.
Hot DOGs seem to sample not only the highest accretion phase of this evolution, but also are more heavily obscured than other quasars. We compare the Eddington ratios and extinction of Hot DOGs, red quasars and regular SDSS quasars in Figure 8 . Both Eddington ratios and extinctions roughly follow a decreasing trend along the Hot DOGs, red quasars, and SDSS quasars sequence, suggesting a quasar evolution sequence consistent with the Hopkins et al. (2008) model. (Shen et al. 2011) in the redshift range (1.65 < z < 1.70). The bolometric luminosity of Hot DOGs are likely 20% higher due to our conservative method in calculating bolometric luminosities.
The consistently high Eddington ratios of z ∼ 6 quasars (e.g., Jiang et al. 2007 , Willott et al. 2010 , De Rosa et al. 2011 ) distinguish them from other known SMBH systems, except for the Hot DOG population, as well as a small fraction of high Eddington ratio SDSS quasars at lower redshifts. As shown in Figure 5 and Figure 7 , both Hot DOGs and z ∼ 6 quasars have Eddington ratios close to unity, well above most SDSS quasars of similar black hole mass. Hot DOGs have a similar luminosity range (10 13 − 10 14 L ), and comparable black hole masses to z ∼ 6 quasars. They are both experiencing high accretion events, in the process of rapidly building up their black holes. Assef et al. (2015) explores the BH mass vs. host stellar mass (M Sph ) relation in Figure 7 of their paper, assuming a fixed Eddington ratio of 0.3 that is typical for SDSS quasars. They estimated the stellar masses of Hot DOGs by multiplying the rest-frame luminosity of the host component in the K-band by the mass to light (M/L) ratio in that band, which depends on many parameters, including star formation history, metallicity, stellar initial mass function, and the contribution of thermally pulsating AGB stars. They used maximum M/L ratios for these parameters to estimate the upper limits of the stellar masses. Their results suggested Hot DOGs may lie well above the local M BH − M Sph relation. Based on the present work, we can reasonably change the fixed Eddington ratio to unity, and update the M BH − M Sph relation for Hot DOGs, as presented in Figure 9 . The (Banerji et al. 2012 (Banerji et al. , 2015 and SDSS quasar phases (Shen et al. 2011 ) at redshift z ∼ 2. The likely range of BH mass and Eddington ratios for general SMGs (Alexander et al. 2008) and the limits for two DOGs (Melbourne et al. 2011 , Shen et al. 2011 are also marked. A z ∼ 1 Hot DOG (Ricci et al. 2017 ) and z ∼ 6 quasars (Willott et al. 2010 , De Rosa et al. 2011 are included for comparison. Note that the Eddington ratios of Hot DOGs are likely 20% (0.08 dex) higher due to our conservative method in calculating bolometric luminosities. The uncertainties of Hot DOGs shown in the figure only consider the measurement errors from the FWHM and the AGN luminosity. An additional error of 0.16 dex on BH mass and 0.18 dex on Eddington ratio should be added if the systematic errors from the f factor and the R − L relations are considered. (Shen et al. 2011) , and red quasars (Banerji et al. 2012 (Banerji et al. , 2015 . We only include the three Hot DOGs with good SNR spectra. The median values of SDSS quasars and red quasars are marked with blue and purple symbols in the plot.
Hot DOG stellar masses shown in the plot are again upper limits.
12 We mark the three Hot DOGs with high SNR Hα spectra as red stars in Figure 9 , using the BH 12 We also note here that Figure 9 corrects an error in Assef et al. (2015) . Assef et al. (2015) stated they used an IMF from Conroy et al. (2013) with a higher M/L ratio in the K-band than the M/L for a Chabrier (2003) IMF, but mistakenly used the Chabrier (2013) IMF in their Figure 7 . Hence the stellar masses of Hot DOGs shown in Figure 9 in this paper are about a factor of 2 higher than those shown in Figure 7 of Assef et al. (2015) .
masses from this work. After these updates, Hot DOGs are closer to the local M BH −M Sph relation, though these stellar mass estimates are upper limits and their points may move to the left on Figure 9 . Wang et al. (2010) have estimated the BH-host mass relation for z ∼ 6 quasars, as shown in Figure 9 by green squares. Intriguingly, the region of z ∼ 6 quasars overlaps with Hot DOGs in the M BH − M Sph plot, suggesting they may be hosted by similar kinds of galaxies. The key elements for AGN systems are their black holes masses, host galaxies, and accretion rates. It seems Hot DOGs and z ∼ 6 quasars have similarities in all these elements.
The key features of Hot DOGs include high luminosity, high obscuration, hot dust, and high Eddington ratios. Some of these features apply to z ∼ 6 quasars, too. Significant amounts of hot dust have been revealed in z ∼ 6 quasars (e.g., Wang et al. 2008 , Jiang et al. 2010 , Leipski et al. 2014 . Hot DOGs at z = 2 − 3 and quasars at z ∼ 6 may have ultimately been selected for similar reasons: both are experiencing the highest level accretion allowable for their black hole masses, leading to hot dust emission and making both the most luminous objects in their own cosmic epochs.
Quasars at z ∼ 6 are thought to be quite different from lower redshift quasars (e.g., Willott et al. 2010) , not only because of their unusually high accretion rates, but also because their surrounding environment could be very different. Quasars at z ∼ 6 represent the earliest generation of SMBHs, when the gas supply was plentiful. Some have argued that the merger rates were high in the early universe, possibly amenable to spherical accretion (Bondi-Hoyle 1944) , and the duty cycle of these SMBHs Assef et al. (2015) , but assuming a fixed Eddington ratio of 1.0 based on the present work. The high SNR Hot DOG detections from this work are marked with red stars. The bulge masses of host galaxies are constrained by using the best-fit SED template model of Assef et al. (2011 Assef et al. ( , 2015 , which are upper limits. A local relation of active galaxies determined by Bennert et al. (2011) , as well as the values for quasars at z ∼ 6 (Wang et al. 2010) , z ∼ 2 (Coppin et al. 2008 ) and z ∼ 1.3 (Bennert et al. 2011 ) are shown for comparison.
might have been close to unity (e.g., Willott et al. 2010 , Johnson et al. 2012 . This is thought to be fundamentally different from lower redshift SDSS quasars, whose SMBHs have passed their peak accretion, and whose host galaxy gas either will not cool or has been cleared out by AGN feedback (e.g., Di Matteo et al. 2008) . Thus the duty cycle of lower redshift quasars is much lower. However, we know little about the immediate surrounding environment of SMBHs at z ∼ 6, except that the host galaxies are dusty. It is possible that SMBHs in Hot DOGs accrete in a similar way to z ∼ 6 quasars, at least for a short time, resulting in similar accretion efficiencies for systems with comparable BH and host masses. Whether and how black holes in z ∼ 6 quasars can sustain long-lived Eddington-limited accretion also remains poorly understood. Instead, black holes with multi-episodic, shorter-lived high-accretion rate events are both allowed in simulations reproducing the quasar luminosity function (e.g., Hopkins & Hernquist 2010) , and suggested in some observations (e.g., Jakobsen et al. 2003 , Worseck et al. 2007 . Models based on disk accretion for z ∼ 6 quasars have also been proposed (e.g., Volonteri, Silk & Dubus 2015) , predicting short-dutycycle, highly accreting episodes with very high obscuration.
Compared to z ∼ 6 quasars, Hot DOGs may represent a later generation (or the peak generation of SMBHs) undergoing their maximum accreting episodes. Spectroscopic studies have revealed that emission line properties and metallicity do not evolve much from z ∼ 6 to low redshift quasars (e.g., Dietrich et al. 2003 , Fan et al. 2004 , De Rosa et al. 2011 . Considering their similarities in BH and host properties, it is possible that the study of Hot DOGs can provide useful constraints and potential insight into understanding the BH accretion and BH-host interaction in z ∼ 6 quasars.
5.6. A Hot DOG stage at different cosmic epochs? We believe that Hot DOGs are heavily obscured AGNs at a special evolutionary stage, characterized by high luminosity due to high BH accretion rates, and likely with strong AGN feedback. Current work focuses on the studies of z ∼ 2 − 3 Hot DOGs. If Hot DOGs trace the transitional, peak accreting phase between obscured and unobscured quasars, should they also exist at other redshift ranges?
Like z ∼ 6 quasars, Hot DOGs are accreting at the maximum level for their BH masses. However, Hot DOGs are heavily dust obscured, while known z ∼ 6 quasars are mostly selected from their strong rest-frame UV emission (observed at near-IR wavelengths for the most distant systems), and so are more obviously like highly accreting, optically bright z ∼ 2 − 3 SDSS quasars that may have just passed the accretion peak. Hot DOGs may instead be approaching or at the accretion peak. If there are Hot DOGs at higher redshifts, they would be an obscured version of current known z ∼ 6 quasars. Additional searches using IR photometry available from WISE, Spitzer, and Herschel may help to reveal more dusty, higher obscured z ∼ 6 quasars , with some promising progress made already (e.g., Carnall et al. 2015; Wang et al. 2016) .
There are more obscured AGNs than unobscured ones in the universe at the same bolometric luminosities (e.g., Stern et al. 2012 . Hot DOGs may signpost a key phase linking the well-known unobscured quasar populations to the lesser known world of obscured quasars. The Hot DOG phase may be followed by a high-luminosity, high-Eddington ratio red/optical quasar stage, present at all redshifts.
At lower redshifts, Hot DOGs should be rarer due to the decreasing level of quasar activity. Assef et al. (in prep.) have used a revised WISE color criterion to correct the bias of the Hot DOG selection function against z < 2 objects. One successful example is WISE J1036+0449 at z = 1.009 (Ricci et al. 2017) , whose SED matches well with Hot DOGs, and whose BH mass and Eddington ratio agree with the trends we find in z ∼ 2 Hot DOGs ( Figure 5 and Figure 7 ). For very low redshift quasars, finding a Hot DOG phase object would be even more interesting, since it would provide a rare opportunity to study those maximally accreting stage SMBHs in more detail. For example, the luminous local quasar PDS456 at z = 0.184 (e.g., Reeves et al. 2000 , 2003 , Nardini et al. 2015 , with a comparable BH mass and luminosity to the z ∼ 2 Hot DOGs in this paper, also accretes at the Eddington limit. This may be a good example of a post-Hot DOG stage quasar in the local universe. More efforts are needed to search for lower redshift Hot DOGs, and here WISE data should prove particularly useful.
SUMMARY
A population of hyperluminous, dusty galaxies has been discovered by WISE, which we call "hot, dustobscured galaxies" or "Hot DOGs". Their extreme luminosities and hot dust temperatures suggest they either host very massive black holes well above the local BH mass-stellar mass relation, or are accreting at very high rates. We have conducted a pilot survey to measure the BH masses of five Hot DOGs at z ∼ 2, using MOSFIRE at Keck and FLAMINGOS-2 at Gemini. The primary results from this study are summarized below:
1. Broad Hα lines were detected in all five targets. Spectral fits imply they are broadened by BLRs around SMBHs. We estimate their BH masses to be ∼ 10 9 M , and their Eddington ratios are close to unity.
2. The BH masses are greater than those of typical SMGs and DOGs, and comparable to those of unobscured quasars. This is consistent with the model where Hot DOGs represent a transitional stage between obscured and unobscured quasars. Although not preferred by our spectral fitting, even if strong outflows contribute to the broad line width of Hα, the implied strong feedback still supports Hot DOGs' role in the overall evolutionary picture.
3. Hot DOGs have high luminosities compared to quasars with similar black hole masses, which implies they are accreting at the highest possible rates for their SMBH masses, i.e. they have the highest Eddington ratios observed for quasars and SMBHs.
4. Our results are consistent with a "Hot DOG-red quasar-optical quasar" evolutionary sequence.
5. Hot DOGs and z ∼ 6 quasars have comparable BH masses and luminosities, and possibly M BH − M Sph relations. Their SMBHs both accrete at the maximum observed rates, close to the Eddington limit, making them the most luminous persistent objects in their own cosmic epochs. This material is based upon work supported by the National Aeronautics and Space Administration under Proposal No. 13-ADAP13-0092 issued through the Astrophysics Data Analysis Program. This publication makes use of data obtained at the W.M. Keck Observatory, which is operated as a scientific partnership among Caltech, the University of California and NASA. The Keck Observatory was made possible by the generous financial support of the W.M. Keck Foundation. The authors wish to recognize and acknowledge the very significant cultural role and reverence that the summit of Mauna Kea has always had within the indigenous Hawaiian community. We are most fortunate to have the opportunity to conduct observations from this mountain. This research was partly based on observations obtained at the Gemini Observatory, which is operated by the Association of Universities for Research in Astronomy, Inc., under a cooperative agreement with the NSF on behalf of the Gemini partnership: the National Science Foundation (United States), the National Research Council (Canada), CONICYT (Chile), Ministerio de Ciencia, Tecnología e Innovación Productiva (Argentina), and Ministério da Ciência, Tecnologia e Inovação (Brazil). This work uses data products from the Wide-field Infrared Survey Explorer, which is a joint project of the University of California, Los Angeles, and the Jet Propulsion Laboratory/California Institute of Technology, funded by the National Aeronautics and Space Administration. This work uses data obtained from the Spitzer Space Telescope, which is operated by the Jet Propulsion Laboratory, California Institute of Technology under contract with NASA. This work uses data from Herschel. Herschel is an ESA space observatory with science instruments provided by European-led Principal Investigator consortia and with important participation from NASA. 
